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ABSTRACT
We present emission-line flux distributions and ratios for the inner ≈ 200 pc of
the narrow-line region of the Seyfert 2 galaxy NGC 1068, using observations obtained
with the Gemini Near-infrared Integral Field Spectrograph (NIFS) in the J, H and
K bands at a spatial resolution of ≈ 10 pc and spectral resolution of ≈ 5300. The
molecular gas emission – traced by the K-band H2 emission lines – outlines an off-
centered circumnuclear ring with a radius of ≈ 100 pc showing thermal excitation.
The ionized gas emission lines show flux distributions mostly outlining the previously
known [O iii]λ5007 ionization bicone. But while the flux distributions in the H i and
He ii emission lines are very similar to that observed in [O iii], the flux distribution in
the [Fe ii] emission lines is more extended and broader than a cone close to the nucleus,
showing a “double bowl” or ‘hourglass” structure”. This difference is attributed to the
fact that the [Fe ii] emission, besides coming from the fully ionized region, comes also
from the more extended partially ionized regions, in gas excited mainly by X-rays from
the active galactic nucleus. A contribution to the [Fe ii] emission from shocks along the
bicone axis to NE and SW of the nucleus is also supported by the enhancement of the
[Fe ii](1.2570µm)/[P ii](1.1885µm) and [Fe ii](1.2570µm)/Paβ emission-line ratios at
these locations and is attributed to the interaction of the radio jet with the NLR. The
mass of ionized gas in the inner 200 pc of NGC 1068 is MH II ≈ 2.2×104 M, while the
mass of the H2 emitting gas is only MH2 ≈ 29 M. Taking into account the dominant
contribution of the cold molecular gas, we obtain an estimate of the total molecular
gas mass of Mcold ≈ 2 × 107 M.
Key words: Galaxies:active, Galaxies:nuclei, Galaxies:ISM, Galaxies:individual
(NGC 1068)
1 INTRODUCTION
NGC 1068 is the brightest and most studied Seyfert 2 galaxy,
being considered the prototype of this class, after the dis-
covery of a Seyfert 1 spectrum in polarized light (Antonucci
& Miller 1985), what led to the proposition of the Uni-
fied Model for Active Galactic Nuclei (hereafter AGN) (An-
tonucci 1993). Hundreds of papers have been published on
its properties, obtained from data spanning the electromag-
netic spectrum from X-rays to radio wavelengths. The mass
of the super-massive black hole in the nucleus of NGC 1068
is M• = 8.6 ± 0.6 × 106 M as obtained from the keplerian
motions of water maser clouds in a disk surrounding the nu-
cleus (Lodato & Bertin 2003; Kormendy, Bender & Cornell
2011).
Optical narrow-band images of the Narrow Line Region
(NLR), obtained with ground based telescopes as well as
with the Hubble Space Telescope (HST), revealed an ap-
proximately cone-shaped structure with an opening angle
of ≈ 65◦ and oriented along the position angle (hereafter
PA) 15◦ (e.g. Pogge 1988; Evans et al. 1991; Macchetto et
al. 1994). The HST narrow-band [O iii] λ5007A˚ image of the
NLR shows several knots and filaments of enhanced emission
(e.g. Evans et al. 1991; Macchetto et al. 1994; Cecil et al.
2002). In radio wavelengths, NGC 1068 shows a kiloparsec-
scale radio jet, with the brightest structure being a compact
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bent nuclear radio jet, less than 1′′in extent (Gallimore et
al. 1996, and references therein). Although the jet leaves
the nucleus at PA≈ 15◦, the jet is deflected at the so-called
cloud C1 to PA≈ 30◦. Gallimore et al. (2004) has shown that
the nuclear source (known as component S1 in the compact
radio jet) is extended and aligned perpendicularly to the
radio jet. Gas kinematics obtained from long-slit HST STIS
spectra reveals outflows along the [O iii] bicone, with a kine-
matical axis aligned with the compact nuclear radio source
at PA≈ 30◦(Das et al. 2006, 2007).
Optical integral field spectroscopy (IFS) of the central
10′′ of NGC 1068 obtained with the Gemini Multi-object
Spectrograph (GMOS) at the Gemini-North telescope shows
a complex flux distribution for the [O iii] and Hβ emitting
gas, with some components associated to the bi-conical out-
flow, but with others attributed to high-velocity clouds and
disk-like structures orbiting around the nucleus (Gerssen et
al. 2006).
In the near-infrared (hereafter near-IR), Mu¨ller Sa´nchez
et al. (2009) using the Spectrograph for Integral Field Obser-
vations in the Near Infrared (SINFONI) at the Very Large
Telescope (VLT), at an angular resolution of 0.′′075, found
that the molecular hydrogen H2 is distributed in a ring-like
structure surrounding the nucleus of the galaxy, similar to
that observed in CO emission in the radio (e.g. Schinnerer et
al. 2000). In the inner 0.′′4, Mu¨ller Sa´nchez et al. (2009) found
non-circular motions concluding that the H2 gas streams to-
ward the nucleus on highly elliptical or parabolic trajectories
in the plane of the galaxy, estimating a mass inflow rate of
≈15 Myr−1 (Mu¨ller Sa´nchez et al. 2009).
Although the NLR of NGC 1068 has been the subject
of many studies, most of them are in the optical. We explore
here the NLR properties observed in the near-IR, where we
can probe distinct regions from those probed by optical ob-
servations, in particular regions with higher dust extinction.
In addition, due to its proximity, we can probe the proper-
ties of the NLR down to a scale of 8 pc with the Gemini in-
strument Near-infrared Integral Field Spectrograph (NIFS)
used with the adaptive optics module ALTAIR. We use these
observations to map the near-IR emitting gas distribution,
excitation and extinction of the inner ≈ 200 pc of NGC 1068.
The origin of the coronal line emission has already been dis-
cussed in Mazzalay et al. (2013b) using the same data pre-
sented here and we thus focus only in the properties of the
low-ionization and molecular gas. The gas kinematics is dis-
cussed in Barbosa et al. (2014), while the stellar population
and kinematics has been presented in Storchi-Bergmann et
al. (2012). Two of the strongest emission lines in the near-
IR which we particularly explore are the [Fe ii]λ1.644µm and
H2λ2.12µm, as they probe regions that are not probed in the
optical. The [Fe II] originates in partial ionized zones, and
can be present in regions where there is no H+ emission; it
is also sensitive to shocks and traces regions of high temper-
ature (T≈ 15000K). The H2 emission probes the molecular
gas, which originates in regions of much lower temperature
(2000K) than those of the ionized gas.
This paper is part of a large project in which our group
AGNIFS (for Active Galactic Nuclei Integral Field Spec-
troscopy) is mapping the gas excitation and kinematics, as
well as the stellar population and kinematics of the inner
kiloparsec of active galaxies with IFS (e.g. Fathi et al. 2006;
Storchi-Bergmann et al. 2007, 2009, 2010, 2012; Riffel et al.
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Figure 1. The large panel shows an HST F606W image of
NGC 1068 with the field-of-view of our observations indicated by
the square. The insert is the [O iii] 5007A˚ flux distribution, from
Schmitt et al. (2003), with 6 linearly spaced contours overplotted.
The three red dots indicate the positions from which we obtained
the spectra shown in Fig. 2. The black cross shows the position of
the galaxy nucleus. The white dashed line shows the orientation
of the major axis of the galaxy, with near and far sides indicated.
2006, 2008, 2009, 2010b, 2011c; Riffel & Storchi-Bergmann
2011a,b; Riffel, Storchi-Bergmann & Nagar 2010a; Riffel,
Storchi-Bergmann & Winge 2013; Riffel, Storchi-Bergmann
& Riffel 2013; Scho¨nel Ju´nior et al 2013). We adopt a
distance to NGC 1068 of 14.4 Mpc, for which 1′′ corre-
sponds to 70 pc at the galaxy (for z = 0.003793 and
H0 = 75 km s
−1 Mpc−1).
This paper is organized as follows. In section 2 we de-
scribe the observations and data reduction. In section 3 we
present the results, which include emission-line flux and line-
ratio maps for the near-IR emission lines. In section 3 we
derive physical parameters for the NLR and discuss the ori-
gin of the [Fe ii] and H2 emission. The conclusions of this
work are presented in Section 5.
2 OBSERVATIONS AND DATA REDUCTION
The spectroscopic data consists of a number of data cubes
in the near-IR bands, obtained at the Gemini North tele-
scope, with the Near Infrared Integral Field Spectrometer
(hereafter NIFS), described in McGregor et al. (2003), op-
erating with the ALTAIR adaptive optics module. NIFS has
a square field of view of ≈ 3′′ × 3′′, divided into 29 slitlets,
each of which is sampled by 69 detector pixels (along each
slitlet). Each single slitlet is 0.103′′ wide and each detecting
pixel measures 0.044′′ (spatial sampling). ALTAIR was used
in its Natural Guide Star mode and the wave front sensor
was fed with optical light from the nucleus of NGC 1068.
The data were obtained on the nights of November 26,
December 03 and 09, 2008, and covered the standard J, H,
K spectral bands at two-pixel resolving powers of 6040 for
c© 2011 RAS, MNRAS 000, 1–??
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the J band and 5290 for the other bands. This resulted in an
effective wavelength coverage of 1.15-1.34 µm, 1.48-1.79 µm,
1.93-2.34 µm, respectively. Additional spectra were obtained
at the Klong setting of the K grating. This covers the wave-
length range 2.11-2.52 µm, which includes the Q-branch H2
emission lines.
Dithering was used in the observations in order to
cover a field-of-view (hereafter FOV) of ≈ 5′′ × 5′′. Fig.
1 shows this field-of-view on top of an HST F606W image of
NGC 1068 obtained with the Planetary Camera. The insert
shows the intensity distribution in the [O iii]λ5007 emission
line, from Schmitt et al. (2003), with 6 contours overplotted,
within the FOV of our observations. The white dotted line
shows the orientation of the photometric major axis of the
outer disk, at PA= 80◦±5◦(Emsellem et al. 2006), which is
also consistent with the stellar kinematic major-axis within
our FOV (Storchi-Bergmann et al. 2012), with the near and
far sides of the galaxy disk indicated. The final spatial cover-
age of the data cubes were slightly different in each spectral
band depending on the dithering process: 49 × 118 pixels in
the J band, 50 × 117 pixels in the H band, Ks was 49 × 118
pixels in the Ks band and 50 × 118 pixels in the Kl band.
The instrument was set to a position angle of 300◦, re-
sulting in a finer spatial sampling perpendicular to the ion-
ization cone.The full width at half maximum (FWHM) of
the spatial profile of the telluric standard star is 0.′′11 ± 0.′′02
in the H and K bands, corresponding to ≈ 8 pc at the galaxy,
while in the J band it is larger, 0.′′14 ± 0.′′02, corresponding
to ≈ 10 pc at the galaxy.
The data reduction followed standard procedures and
was accomplished using tasks from the nifs package – which
is part of the gemini iraf package, as well as generic iraf
tasks. The reduction included trimming of the images, flat-
fielding, sky subtraction, wavelength and s-distortion cali-
brations, and remotion of the telluric absorptions. The flux
calibration was done by interpolating a black body function
to the spectrum of the telluric standard star. The individual
data cubes in each band were then median combined to a
single data cube. More details on the data reduction process
can be found in Storchi-Bergmann et al. (2012). The final
data cubes contain ≈ 5800 spectra, with each spectrum cor-
responding to 0.′′103 × 0.′′044 in the sky, and 8×3.4 pc2 at
the galaxy. The entire field of ≈ 5′′ × 5′′covered by the ob-
servations corresponds to a region of ≈ 400 pc × 400 pc at
the galaxy.
3 RESULTS
In Fig. 2 we present sample spectra extracted from 0.′′3× 0.′′3
apertures, centered at the three positions shown in Fig. 1:
(A) the continuum peak, which was adopted as the posi-
tion of the nucleus; (B) the position where [Fe ii] λ1.257µm
emission line reaches its maximum intensity at 0.′′55 north-
east from the nucleus; and (C) the position where the H2
λ2.1218µm emission line reaches its maximum intensity at
1.′′2 south-east from the nucleus. The main emission lines
seen in the J, H and K bands are identified and labeled in
the spectra. The strongest emission lines of the J band are
identified in the top-left panel, while in the middle central
panel we identify the strongest H-band emission lines and
in the bottom-right panel the strongest K-band lines. The
top central and right panels show the strong red continuum
present in the H and K band nuclear spectra, attributed to
the nuclear (torus) dust component, discussed in Storchi-
Bergmann et al. (2012). In the extra-nuclear spectra shown
in the middle and bottom panels, the continuum is much
flatter and even blue in the case of the position C, where we
have found the presence of young stars in Storchi-Bergmann
et al. (2012).
In Table 1 we list the flux of the emission lines we could
measure in the integrated spectra from positions A, B and C
in Fig. 1. They were obtained by integrating the flux under
each emission line profile after the subtraction of the under-
lying continuum contribution, which was determined by a
linear fit (least-squares fitting) to the observed continuum
in spectral windows adjacent to each emission line. In the
case of blended lines, we defined a common adjacent contin-
uum and fitted multiple gaussians. The fluxes are presented
in units of 10−15 erg cm−2 s−1 and the listed errors are due
to the uncertainty associated to the fitting procedure.
3.1 Emission-line flux distributions
We obtained emission-line flux distributions by integrating
the flux of each emission line over the whole FOV, after sub-
traction of the underlying continuum contribution. In Fig-
ure 3 and 4 we present these maps for the emission lines with
the highest signal-to-noise (S/N) ratio among their species:
[P ii] (λ1.1886µm), [S ix] (λ1.2523µm), [Fe ii] (λ1.257µm),
Paβ (λ1.2821µm), [Fe ii] (1.644µm), [Si vi] (1.965µm), H2
(2.1218µm), Brγ (2.1661µm), [Ca viii] (λ2.321µm) and
[He ii] (2.481µm). The green contours overploted on the
[Fe ii] (1.644µm), [Sivi] (1.965µm), Brγ (2.1661µm) and
[He ii] (2.481µm) flux distributions are from the HST
[O iii]λ5007A˚ narrow-band image from Schmitt et al. (2003).
In these maps, we masked regions with fluxes smaller than
the standard deviation obtained from the average “fluxes”
of regions devoid of emission.
The [P ii] (1.189µm) flux distribution is more extended
to the NE, where it reaches up to 2.′′0 from the nucleus,
while to the opposite side (SW) there is no emission farther
than 1.′′0 from the nucleus. The brightest region is located
at 0.′′5 N from the nucleus. The [S ix] (1.252µm) flux distri-
bution presents a very similar morphology to that of [P ii],
but the brightest region is closer to the nucleus, at 0.′′2 N.
Although the [Fe ii] (1.257µm) and [Fe ii] (1.644µm) flux
distributions are similar to each other (as they should be),
there is “less definition” in the former when compared to the
latter due to the fact that the image quality is inferior in the
J band when compared to that in the H band (PSF width
of 0.′′14 vs. 0.′′11): much less details are seen in the [Fe ii]
(1.257µm) than in the [Fe ii] (1.644µm) flux distribution.
On the basis of the latter, the [Fe ii] flux distribution can be
described as having a bi-polar “bowl” or hourglass morphol-
ogy, oriented along NE–SW. This morphology is “broader”
at the apex (nucleus) than the shape of the NLR in the
[O iii] image, as can be seen in the left panel of Fig. 4, where
the contours of the [O iii] image from Schmitt et al. (2003)
are overlaid on the [Fe ii] (1.644µm) flux distribution. The
[Fe ii] emission extends up to the borders of the NIFS FOV
(≈ 200 pc from the nucleus) along the direction of the axis
of the hourglass, with higher fluxes to the NE than to the
SW. At the highest flux levels, the [Fe ii] flux distribution
c© 2011 RAS, MNRAS 000, 1–??
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λvac (µm) Ion Line ID (Ji − Jk) (A) Nucleus (B) [Fe ii] peak (C) H2 peak
1.1630 He ii 5− 7 2.14 ± 0.19 2.03 ± 0.10 0.706 ± 0.10
1.1714 Ca i 3D1 −3 Po1 1.22 ± 0.25 0.46 ± 0.12 0.423 ± 0.12
1.1799 Ca i 3Po2 −3 D2 0.79 ± 0.23 0.35 ± 0.12 0.187 ± 0.10
1.1855 He ii 7− 29 1.81 ± 0.29 – 0.513 ± 0.12
1.1886 [P ii] 3P2 −1 D2 4.83 ± 0.29 8.25 ± 2.50 1.988 ± 0.15
1.1909 Fe ii e6G13/2 −6 Fo11/2 1.62 ± 0.29 – 0.298 ± 0.12
1.2068 Si iii 1D2 −1 Po1 0.33 ± 0.15 0.55 ± 0.14 0.629 ± 0.14
1.2147 Si iv 2Po3/2 −2 D3/2−5/2 – 0.74 ± 0.10 0.682 ± 0.10
1.2523 [S ix] 3P2 −3 P1 11.9 ± 2.1 10.34 ± 0.50 3.565 ± 0.26
1.2570 [Fe ii] a6D9/2 − a4D7/2 8.47 ± 1.82 8.62 ± 0.46 4.465 ± 0.35
1.2640 He i 3S1 −3 Po0−2 1.53 ± 0.50 – 0.143 ± 0.16
1.2822 H iPaβ∗ 3− 5 30.6 ± 5.3 25.80± 8.20 7.26 ± 0.52
1.2964 [Fe ii] b2P3/2 − c2G7/2 – 1.22 ± 0.12 0.724 ± 0.10
1.3216 [Fe v] 5P2 −3 P0 – 3.98 ± 0.18 1.811 ± 0.14
1.5330 [Fe ii] a4F9/2 − a4D5/2 – 1.78 ± 0.06 0.64 ± 0.06
1.5492 He ii 8− 33 – 1.05 ± 0.08 0.86 ± 0.07
1.5705 H iBr15 4− 15 – 0.48 ± 0.06 0.19 ± 0.04
1.5953 He i 3S1 −3 Po0−2 – 0.55 ± 0.07 0.34 ± 0.04
1.6028 Fe ii] v4Fo5/2 − e4H7/2 – 0.38 ± 0.06 0.14 ± 0.04
1.6085 He i 3D3 −3 Fo2−4 – 0.41 ± 0.08 0.26 ± 0.06
1.6114 H iBr13 4− 13 1.00 ± 0.25 0.41 ± 0.08 0.12 ± 0.07
1.6388 [Fe ii] b4P5/2 − b2P1/2 – 7.31 ± 0.20 1.31 ± 0.12
1.6440 [Fe ii] a4F9/2 − a4D7/2 – 10.17 ± 1.25 2.44 ± 0.15
1.6596 He ii 8− 23 2.59 ± 0.37 0.47 ± 0.06 0.33 ± 0.06
1.6713 [Fe iv] 4D7/2 −2 D3/2 3.04 ± 0.80 – –
1.6773 [Fe ii] a4F7/2 − a4D5/2 – 2.85 ± 0.10 0.75 ± 0.06
1.6811 H iBr11 4− 11 – 2.75 ± 0.50 0.37 ± 0.06
1.6877 H2 1− 0S(9) – 0.06 ± 0.04 0.34 ± 0.04
1.6918 He i 1Po1 −1 D2 – 0.33 ± 0.04 0.18 ± 0.07
1.6985 He i 1Po1 − 1S0 – 0.59 ± 0.08 0.10 ± 0.06
1.7058 He ii 8− 21 – 0.13 ± 0.08 0.24 ± 0.06
1.7147 H2 1− 0S(8) 0.23 ± 0.15 0.22 ± 0.04 0.29 ± 0.04
1.7334 He i 3D3 −3 Fo2−4 – 4.33 ± 1.25 0.34 ± 0.04
1.7360 He ii 8− 20 – 0.18 ± 0.06 0.21 ± 0.04
1.7367 H iBr10 4− 10 – 1.99 ± 0.06 0.17 ± 0.04
1.7454 He i 3S1 −3 Po0 – 0.41 ± 0.08 0.21 ± 0.10
1.7480 H2 1− 0S(7) 1.09 ± 0.76 0.61 ± 0.08 1.55 ± 0.10
1.9439 He i 1Fo3 −1 G4 – 3.78 ± 0.16 0.92 ± 0.12
1.9548 He i 3D1 −3 Po0 – 1.96 ± 0.42 –
1.9576 H2 1− 0S(3) – 7.71 ± 0.53 5.67 ± 0.18
1.9598 He i 1Po1 −1 D2 – 3.10 ± 0.49 2.09 ± 0.15
1.9650 [Si vi] 2Po3/2 −2 Po1/2 – 27.66 ± 1.23 1.40 ± 0.14
2.0338 H2 1− 0S(2) – 0.72 ± 0.11 2.30 ± 0.22
2.0444 He i 3S1 −3 Po0−2 – 1.13 ± 0.10 0.24 ± 0.06
2.0587 He i 1S0 −1 Po1 – 2.34 ± 0.10 0.59 ± 0.06
2.0735 H2 2− 1S(3) – 0.33 ± 0.06 0.63 ± 0.04
2.1204 He ii 9− 25 – 1.02 ± 0.12 –
2.1218 H2 1− 0S(1) 2.81 ± 0.17 2.13 ± 0.12 6.95 ± 0.22
2.1542 H2 2− 1S(2) – 0.34 ± 0.08 0.37 ± 0.05
2.1661 H iBrγ∗ 4− 7 12.81 ±4.30 8.82 ± 1.50 0.69 ± 0.04
2.1766 Li i 2D5/2 − 2Po1/2−3/2 – 0.57 ± 0.06 0.09 ± 0.03
2.1891 He ii 7− 10 – 0.57 ± 0.04 –
2.2233 H2 1− 0S(0) – 1.24 ± 0.05 1.79 ± 0.04
2.2477 H2 2− 1S(1) – 0.45 ± 0.06 0.73 ± 0.07
2.3163 He i 3D3 −3 Po0−2 – 1.18 ± 0.05 0.17 ± 0.06
2.3210 [Ca viii] 2Po1/2 −2 Po3/2 – 7.55 ± 2.50 –
2.4066 H2 1− 0Q(1) 2.34 ± 0.18 2.86 ± 0.26 5.80 ± 0.22
2.4134 H2 1− 0Q(2) 2.03 ± 0.32 0.56 ± 0.26 1.84 ± 0.16
2.4237 H2 1− 0Q(3) 1.36 ± 0.24 2.70 ± 0.14 5.99 ± 0.06
2.4375 H2 1− 0Q(4) – 0.41 ± 0.08 1.59 ± 0.08
2.4548 H2 1− 0Q(5) 1.22 ± 0.40 1.74 ± 0.10 4.14 ± 0.26
2.4755 H2 1− 0Q(6) – 1.17 ± 0.38 0.97 ± 0.12
2.4810 He ii 10− 35 – 19.34 ± 1.25 2.95 ± 0.15
2.4817 He i 1Po1 −1 D2 – 6.75 ± 0.39 0.35 ± 0.12
2.4833 [Si vii] 3P2 −3 P1 1.20 ± 0.45 32.41 ± 1.39 0.20 ± 0.12
*: Paβ and Brγ lines seem to have a broad component, although narrower than that seen in the optical
polarized spectra, and may just be the result of the blend of several components.
Table 1. Fluxes of emission lines in the J, H, Ks and Kl bands measured within 0.
′′3× 0.′′3 apertures at three positions: (A) the nucleus,
(B) the location of the [Fe ii] emission peak at 0.′′55 north-east from the nucleus, and (C) the location of the H2 emission peak at 1.′′2
south-east from the nucleus, as shown in Fig. 1. Flux units are 10−15 erg cm−2 s−1. The Line ID column shows the spectroscopic term for
the lower level Ji and upper level Jk. Flux values were obtained via integration of Gaussian profiles fitted to the lines, after subtraction
of the continuum contribution. In the case of blended/multicomponent lines, multiple gaussians were fitted.
c© 2011 RAS, MNRAS 000, 1–??
Feeding vs. feedback in NGC 1068. I. Excitation 5
0.4
0.6
0.8
1.0
A
HeII
CaI
[PII]
SiIII
[SIX]
[FeII]
HeI
[Paβ]
[FeII]
[FeV]
J
1.0
1.5
2.0
2.5
3.0
H
4
6
8
10
Ks
0.1
0.2
0.3
0.4
F
lu
x 
(1
0
−1
5
 e
rg
 s
−1
 c
m
−2
 ◦ A
−1
)
B
0.1
0.2
0.3
0.4
HeI
[FeII]
HeII
Br15
Br13
[FeII] [FeII]
Br11
H2
Br10
HeI
H2
HeI
0.1
0.2
0.3
0.4
1.20 1.25 1.30
0.0
0.1
0.2
0.3
C
1.55 1.65 1.75
λ (µm)
0.0
0.1
0.2
0.3
2.0 2.1 2.2 2.3
0.0
0.1
0.2
0.3
H2
[SiVI]
H2
HeI
H2
H2
H2
Brγ H2 H2
[CaVIII]
Figure 2. Sample of integrated spectra within apertures of 0.3′′× 0.3′′ from three positions: (A-top) the nucleus; (B) the position of the
peak flux in the [Fe ii] 1.257µm emission line; and (C) the position of the peak flux of the H2λ2.1218µm emission line. These positions
are identified in Fig. 1.
approximately follows that of [O iii]λ5007A˚, but the [Fe ii]
emission extends beyond the [O iii] emission distribution.
The Paβ (1.282µm) flux distribution presents an elon-
gated emission distribution to the N–NE, reaching its
maximum approximately at 0.′′4 N from the nucleus. It
also presents some fainter emission to the SW. The Brγ
(λ2.1661µm) flux distribution, although showing a similar
flux distribution to that of Paβ (as it should have), shows a
much higher definition, as the PSF is narrower in the K band
than in the J band, as explained above: much more detail is
seen in the Brγ flux distribution than in the Paβ one. The
Brγ map is much more similar to the [O iii] map than the
[Fe ii] map: individual “emission knots” seen in the [O iii]
flux distribution are also observed in the Brγ map. The
Brγ flux distribution is also similar to those of the [Sivi]
(λ1.965µm), [Caviii] (λ2.321µm) and [He ii] (λ2.481µm)
flux distributions. Common to these two flux distributions
are the orientation and morphology, which are also co-spatial
with that of [O iii], extending mostly to the N, in the re-
gion where the [Fe ii] emission is also brightest. Compared
to [Si iv], [Caviii] and Brγ, the He ii emission presents two
additional knots: one at ≈ 1.′′6 NE of the nucleus (PA=30◦)
and the other at ≈ 0.′′6 E (PA=80◦). These knots are also
present in the [O iii] flux distributions and are observed in
all other He i and He ii flux distributions.
The flux distribution of the molecular gas H2
(λ2.1218µm) is completely distinct from that of the ion-
ized gas, being distributed in a circumnuclear ring with a
diameter of ≈ 150pc (2.′′0). Although this ring is circumnu-
clear, it is not centered at the nucleus. The center of the ring
is displaced towards a small knot of H2 emission observed
at 0.′′8 SW of the nucleus. All the remainder H2 emission
lines present in the K-band spectra show similar flux distri-
butions.
The coronal lines flux distributions were already shown
and discussed by Mazzalay et al. (2013b) using the same
NIFS data presented here. We only show again the [S ix]
(1.2523µm) and [Sivi] (1.965µm) flux distributions for the
purpose of comparing them with those for the low-ionization
and molecular gas. Their flux distributions are very similar
to those of Paβ and Brγ.
3.2 Emission-line ratio maps
We have used the flux distributions to create the
following line-ratio maps: [Fe ii]λ1.257/[P ii]λ1.1886,
[Fe ii]λ1.257/Paβ, H22.248/2.122 and H22.1218/Brγ. These
maps are shown in Fig. 5 together with reddening E(B−V )
maps derived from the Brγ/Paβ and [Fe ii]λ1.257/1.644
ratios. These ratios can be used to investigate the excitation
mechanisms of the H2 and [Fe ii] near-IR emission lines
and to map the extinction in the NLR. As for the case of
the flux distribution maps, we have masked regions where
the S/N ratio was not high enough to fit the emission-line
profiles and excluded these regions from the ratio maps.
In order to compute ratios between lines from H or K
band and the those from the J band, we have convolved the
best resolution images – from the H and K bands – with
a Gaussian kernel with σ equivalent to 0.′′3 × 0.′′3 [5 pixels
along the slitlets (y) × 2 pixels across slitlets (x)]. In order
to avoid infinities, we have masked out from the ratio maps
any pixel for which the flux was smaller than the standard
deviation of the flux in a region devoid of emission (”sky”).
In the top-left panel of Fig. 5 we show the
[Fe ii]1.257/[P ii]1.118 line-ratio map, which is useful to in-
vestigate the origin of the [Fe ii] line emission; higher values
correspond to a larger contribution from shocks to the exci-
tation of the [Fe ii] (e.g. Oliva et al. 2001; Storchi-Bergmann
c© 2011 RAS, MNRAS 000, 1–??
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Figure 3. Flux distributions in the J-band emission lines: [P ii] (1.1886µm), [S ix] (1.2523µm), [Fe ii] (1.257µm) and Paβ(1.2821µm) The
blue cross shows the position of the nucleus. The fluxes are in units of 10−15 erg cm−2 s−1.
et al. 2009; Riffel, Storchi-Bergmann & Nagar 2010a). The
smallest values of [Fe ii]1.257/[P ii]1.118 ≈1.3 are observed
at 0.′′4 N from the nucleus, while the highest values of up to
10 are seen at the borders of the IFU field to the northeast.
Some high values of this ratio are also seen in a small region
at 1.′′5 southwest of the nucleus.
The [Fe ii]λ1.257/Paβ line ratio map is shown in the
top-right panel of Fig. 5. It shows a similar structure to
that observed in the [Fe ii]1.257/[P ii]1.118 ratio map, with
the smallest (<0.6) values being observed at 0.′′4 N from the
nucleus and the highest values of up to 3 to the northeast,
near the border of the FOV.
The bottom-left panel of Fig. 5 presents the
H22.1218/Brγ line-ratio map. At most locations this ratio
present values ranging from 0.6 to 2, with the smallest val-
ues observed at at 0.′′4 N from the nucleus – where the flux
distributions from the ionized gas have a peak. Nevertheless,
values of up to 10 are observed at 1′′NE from the nucleus, in
a region where the H2 emission presents a knot of enhanced
emission and Brγ is very weak.
Finally, the bottom-right panel of Fig. 5 shows the
H2 2.2477/H2 2.1218 line-ratio map. Its highest value of 4.7
is observed at the nucleus, as well as at its surroundings
where this line-ratio reaches ≈ 2.0 up to ≈ 0.′′4 W of the
nucleus. Along the H2 ring, the values are ≈ 0.11, while in
regions at the borders of the ring this line ratio increases to
about 0.35.
4 DISCUSSION
4.1 Emission-Line Profiles
The emission-line profiles over most of the observed field-
of-view are complex, presenting double or multiple compo-
nents originated in gas with distinct kinematics. These com-
plex profiles can be seen in Fig. 2: the Paβ profile is double
peaked in positions B and C as well as the [Fe ii] profile in
position B. The study of each kinematic component indi-
vidually would likely yield further insights into the physical
conditions, reddening, and geometry of the NLR, but this is
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Figure 4. Flux distributions in the H- and K-band emission lines: [Fe ii] (1.644µm), [Si vi] (1.965µm), H2 (2.1218µm), Brγ (2.1661µm),
Ca viii] (λ2.321µm) and [He ii] (2.481µm). Contours of the [O iii]λ5007 image from Schmitt (Schmitt et al. 2003) are overplotted in
green on some of the flux maps. The blue cross shows the position of the nucleus. The fluxes are in units of 10−15 erg cm−2 s−1.
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Figure 5. Line-ratio maps. Top-left: [Fe ii]1.257/[P ii]1.118; top-right: [Fe ii]λ1.257/Paβ; bottom-left: H22.1218/Brγ and bottom-right:
H2 2.2477/H2 2.1218. The blue cross indicates the position of the nucleus.
a task beyond the scope of this paper. A detailed analysis of
the gas kinematics is presented in a companion paper (Bar-
bosa et al. 2014). In the present paper, we do not separate
the different kinematic components and use instead the to-
tal flux in the lines to map the average extinction and gas
excitation.
At the nucleus and surrounding regions, the Paβ and
Brγ emission-line profiles present a broad “base” that could
be interpreted as coming from the broad line region (BLR).
In the case of Paβ, we could fit a narrow and a broad
component with FWHM≈1500 km s−1 and a full width
at zero intensity – FWZI≈4700 km s−1; could this come
from the BLR? The BLR in NGC 1068 was observed for
the first time in polarized light (e.g. Antonucci & Miller
1985; Simpson et al. 2002), with the emission lines show-
ing FWZI≈7500 km s−1and attributed to emission from the
BLR scattered towards the observer. This width is approxi-
mately twice the value we measure for the broad base of the
nuclear Paβ emission line. This fact, combined with the ob-
servation that as one moves away from the nucleus the profile
approximately keeps its width but shows more clearly sep-
arate kinematic components, suggests that the broad com-
ponent we observe in Paβ is actually a superposition of two
or more kinematic components of the NLR gas, instead of
from gas of the BLR. This is also supported by the presence
of multiple components in the Paβ profile at the position
B (at the location of the peak of the [Fe ii] emission). At
this location the Paβ profile is clearly double peaked with
a similar FWZI to that of the nuclear profile. This seems
to apply also to the Brγ profile but is less clear due to the
lower intensity of the line.
4.2 Extinction
In order to map the NLR extinction, we used the Brγ/Paβ
and [Fe ii]λ1.257/1.644 emission-line ratios to derive the
average reddening of the emitting gas. Following Storchi-
Bergmann et al. (2009), the reddening can be obtained from
the Brγ/Paβ ratio using:
E(B − V ) = 4.74 log
(
5.88
FPaβ/FBrγ
)
, (1)
where FPaβ and FBrγ are the fluxes of Paβ and Brγ emis-
sion lines, respectively. We have used the reddening law of
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Figure 6. Average extinction E(B-V) obtained from the ratios Brγ/Paβ (left panel) and [Fe ii]λ1.644/1.257 (right panel). The blue cross
shows the position of the nucleus.
Cardelli, Clayton & Mathis (1989) and have adopted the
intrinsic ratio FPaβ/FBrγ = 5.88 corresponding to case B
recombination (Osterbrock & Ferland 2006). The resulting
E(B − V ) map is shown in the left panel of Fig. 6. This
map shows that the highest E(B − V ) values reach up to
1.8 mag, and outline a structure elongated to the north of
the nucleus and extending to ≈1.′′0 from it. In regions away
from this structure, a typical average value is E(B−V ) ≈0.8
mag.
The [Fe ii]λ1.257 and [Fe iiλ1.644 emission lines arise
from the same upper level with an intrinsic ratio of
[Fe ii]λ1.257/1.644 = 1.36 (e.g. Nussbaumer & Storey 1988;
Bautista & Pradhan 1998; Storchi-Bergmann et al. 2009).
Following Storchi-Bergmann et al. (2009), an E(B−V ) map
can also be obtained from:
E(B − V ) = 8.14× log
(
1.36
F1.2570/F1.6440
)
, (2)
using again the reddening law of Cardelli, Clayton &
Mathis (1989). The resulting reddening map is shown
in the right panel Fig. 6, which shows values consistent
with those obtained from the Brγ/Paβ line ratio, even
though the [Fe II] reddening map is more extended due
to the fact that the [Fe II] maps are more extended than
those of Paβ and Brγ. The exception is the nucleus,
where E(B − V )[Fe II] ≈ 0.6 mag is smaller than E(B −
V )Brγ/Paβ ≈ 1.8 mag. This difference could be due to con-
tamination of the H lines, and specially of Brγ – which is
not easily measurable at the nucleus – by a broad compo-
nent. Alternatively, as the [Fe II] lines originate in partially
ionized regions, that are farther from the source than the
fully ionized regions, the average extinction probed by these
lines could be smaller than that probed by the H lines.
Common to both E(B-V) maps are: (1) the region of
highest reddening, which is observed from the nucleus up
to 1.′′5 close to the N wall of the cone (or hourglass), and
(2) the region at ≈2.′′0 southwest of the nucleus, where the
reddening values are similar in both maps. The other regions
of the NLR have average E(B − V ) values of 0.6.
We can compare the E(B − V ) obtained here for the
NLR of NGC 1068 with those from previous works. Koski
(1978) reported a value of E(B − V ) = 0.52 mag from in-
tegrated spectra within an aperture of 2.′′7 × 4′′, while Ho,
Filippenko & Sargent (1997) obtained E(B−V ) = 0.54 mag
as estimated from the Balmer decrement from observations
within a similar aperture; this aperture corresponds to inte-
grating our data over approximately half our field-of-view.
These values are consistent with our average value of E(B-
V)≈0.6, observed over most of the region from where we
could measure it from the [Fe II] line ratio. Kraemer & Cren-
shaw (2000) used HST STIS spectra with a slit width of 0.′′1
with the slit centered on a position 0.′′14 north of the optical
continuum peak oriented along PA=202◦ and calculated the
reddening along the slit using the He iiλλ1640, 4686 emis-
sion lines. They show that the reddening along the slit is
highly variable, obtaining values in the range 0.1 6E(B-
V)6 0.6 and estimate an average reddening of E(B-V)≈0.35
for the blueshifted emitting gas to the NE and of E(B-
V)≈0.22 for the redshifted emitting gas to NE. These val-
ues are smaller than those we have obtained. Our data in
the J band ([Fe ii]λ1.257) does not have the angular resolu-
tion of these HST observations, and we thus cannot sample
variations on this fine scale, but our average E(B-V) val-
ues are higher than those obtained from the He ii lines. One
possible explanation is that the lower-ionization species (as
H ii with ionization potential IP = 13.6 eV and Fe ii with
IP = 7.87 eV) we are observing originate in regions of higher
extinction than those from where the the high-ionization gas
emission (such as He ii, with IP = 24.6 eV) originates. Us-
ing near-IR long-slit spectra, although with ground-based
∼1′′angular resolution Martins et al. (2010) reported values
of E(B− V ) ranging from 0.1 to 2.65 along a 0.′′8 width slit
covering the inner 5′′ oriented along the N-S direction, also
derived from Paβ/Paγ and [Fe ii]1.257/1.643 line ratios. For
the inner 2.′′5, Martins et al. (2010) also obtained larger val-
ues for E(B − V ) derived from H recombination lines than
from the [Fe ii] lines, similarly to what we have found. For
the nucleus, these authors found E(B − V ) = 1.13 ± 0.10
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Figure 7. Comparison between the [Fe ii] (1.644µm) and [O iii]
flux distributions. [O iii] image contours from Schmitt et al. (2003)
are shown in green with levels ranging from 2σ to the maximum
of the [O iii] emission flux (∼ 30σ) with an interval of 5σ between
contours. The blue cross shows the position of the nucleus. The
fluxes are in units of 10−15 erg cm−2 s−1.
and E(B − V ) = 0.26 ± 0.12 based on H and [Fe ii] lines,
respectivelly. Our value of E(B − V ) estimated from the H
lines for the nucleus is slightly larger than that of Martins
et al. (2010), possibly due to the uncertainties in the fitting
of the Brγ emission line discussed above. Considering that
our angular resolution is higher than that of Martins et al.
(2010), their value can be considered an average of our val-
ues integrated within 0.′′8×1.′′6 (their nuclear aperture). In
summary, the reddening for the nucleus derived using near-
IR H lines is higher than both those derived from H optical
lines as well as from those derived from the [Fe ii] near-IR
lines. Either the near-IR H lines are probing regions of higher
reddening or there could be some contribution from a broad
Brγ component that increases the nuclear Brγ/Paβ ratio.
Outside the nucleus, the reddening values are more similar,
and the average value E(B − V ) ≈ 0.6 is not that different
from that derived from optical emission lines.
4.3 Ionized and molecular gas distributions
4.3.1 Ionized gas distributions
In Sec. 3.1 we have compared the emission-line flux distri-
butions shown in Fig. 3 with the optical [O iii]λ5007A˚ flux
distribution. Most ionized gas flux distributions resemble
that of the [O iii]λ5007A˚ emission line. All knots seen in the
[O iii] contour map are seen also in the Brγ and He ii flux dis-
tributions, for example. The NE side of the NLR is brighter
than the SW side in all flux distributions of the ionized gas,
as also observed in [O iii], what has been attributed to the
orientation of the bipolar outflow, which is in front of the
galactic plane to the NE and behind the plane to the SW
(Das et al. 2006). This resemblance of the near-IR ionized
gas and [O iii] flux distributions suggests a similar origin for
the corresponding emission lines, which previous works have
attributed to emission from the walls of a hollow bi-cone
centered in the nucleus and oriented along PA= 30/210◦, as
described by Das et al. (2006, 2007). But although most of
the ionized gas flux distributions show several resemblances
with that of the [O iii], some differences can be observed in
the case of [Fe ii].
In order to better compare the [Fe ii] and [O iii] images,
we show in Figure 7 the [Fe ii] (1.644µm) flux distribution
with [O iii] contours overlaid with levels ranging from 2σ
to the maximum of the [O iii] emission, where the σ is de-
fined as the standard deviation of the fluxes in a region with
no [O iii] emission in the image. From this comparison, it
is clear that the [Fe ii] emission is more extended than the
[O iii] one, with a structure better described as a section of
an hourglass or of two “bowls”, one to each side of the nu-
cleus rather than a bi-cone. This morphology is similar to
that observed for some planetary nebulae (e.g. NGC 6302).
In Barbosa et al. (2014), we use a “lemniscata” geometry
(similar to that of an hourglass) to model the [Fe ii] kine-
matics (outflow), showing that it reproduces better the flux
distributions in channel maps than a bicone. We attribute
the larger extent and “broader” flux distribution to the fact
that the ion Fe ii is also formed in partially ionized regions,
as Fe i has an ionization potential of only 7.9 eV (Worden et
al. 1984). Thus, [Fe ii] emission can be observed beyond the
fully ionized regions, in locations where there is no more H+
or O++ but may still be outflows. For this reason, we argue
that Fe+ is a better tracer of outflows than H+ and O++.
4.3.2 Molecular gas flux distribution
The flux distribution in the H2 (λ2.1218µm) emission line
shows a totally different morphology from that of the ion-
ized gas (see Fig. 3). The H2 emission is mostly originated
in a ring with approximate major (2a) and minor (2b) axes
of 3.′′0 and 2.′′3, respectively, measured from the bottom-left
panel of Fig. 3. The major axis of the ring is oriented ap-
proximately along the line of nodes of the galaxy, as seen
from the stellar velocity field shown in Storchi-Bergmann et
al. (2012). Assuming that this ring is circular and is in the
plane of the galaxy, it has a diameter of ≈ 200 pc, and we can
use its apparent axes diameters to estimate its inclination
relative to the plane of the sky as i = cos−1(b/a) =≈ 40◦.
This value is in approximate agreement with that of the
large scale disk, derived from the extent of the major and
minor axes of the galaxy quoted in NASA/IPAC Extragalac-
tic Database (NED)1 and in de Vaucouleurs et al. (1991).
This inclination is also similar to that derived from our mod-
eling of the stellar velocity field in the inner 200 pc, which
is i ≈ 33◦.
The presence of the H2 ring had already been inferred
in previous near-IR long-slit spectroscopy with the Very
Large Telescope (VLT) of the inner 1.′′5×3.′′5 by Alloin et al.
(2001). These authors concluded that the H2 emitting gas
in NGC 1068 was mainly concentrated in two knots along
the East-West direction at a distance of about 70 pc from
the nucleus, consistent with a location in the ring. Galliano
& Alloin (2002) showed that the H2 kinematics in the in-
ner 200 pc cannot be reproduced by a simple rotating disk
and suggest an additional outflowing component. They also
1 http://ned.ipac.caltech.edu
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conclude that the H2 is originated in gas excited by X-ray
irradiation from the central AGN.
The H2 flux distribution and kinematics was also re-
cently studied by Mu¨ller Sa´nchez et al. (2009) using adap-
tive optics integral field spectroscopy with the VLT instru-
ment SINFONI. They show a map for the H2 (2.1218µm)
flux distribution over the inner 4′′ × 4′′ of NGC 1068, which
is very similar to ours. They report also the detection of
two prominent linear structures to the the north and south
ob the nucleus observed within the inner 0.′′4 between the
ring and the AGN, which they attribute to emission from
gas streaming towards the nucleus on highly elliptical or
parabolic trajectories in the plane of the galaxy.
In millimeter wavelengths, Schinnerer et al. (2000)
present a map for the 12CO(2-1) emission, which shows that
the cold molecular gas presents the same ring-like structure
seen in the “warm” H2 flux distribution that we observe
in the near-IR. The presence of this molecular ring is also
confirmed by recent observations of emission lines from CO,
HCN and HCN+ (Krips et al. 2011). These authors show
that the molecular ring is expanding outwards in the galac-
tic plane and propose that the expansion is caused by shocks
originated in the interaction of the AGN jet with the molecu-
lar gas. In Barbosa et al. (2014) we show that the kinematics
of the H2 observed with NIFS is consistent with expansion
in the plane, but most of the AGN outflow observed in ion-
ized gas seems not to be co-spatial with the H2 ring. There is
even some “empty space” between the ionized gas emission
and the H2 ring observed towards the NW and SE, which
do not support an interaction between the outflow and the
ring to cause its expansion. The radio jet is much more col-
limated than the outflow and probably leaves the galaxy
plane at the nucleus at an angle of at least 45◦, and it is
hard to believe that such a narrow jet would be responsible
for the expansion of the ring ≈ 100 pc away in the galaxy
plane. In addition, in Storchi-Bergmann et al. (2012), we
found that there is a correlation between the spatial dis-
tribution of a young (≈ 30 Myr) stellar population and the
flux distribution of H2, suggesting that the H2 expanding
kinematics could be associated with supernova explosions
in such a population (see discussion below).
4.4 Physical conditions of the [Fe ii] and H2
emitting regions
4.4.1 The origin of the H2 emission
The origin of the H2 line emission in active galaxies has been
investigated in several studies. In most of them it has been
concluded that the H2 emission originates in gas excited by
thermal processes produced by X-ray and/or shock heat-
ing (e.g. Hollenbach & McKee 1989; Maloney, Hollenbach
& Tielens 1996; Rodr´ıguez-Ardila et al. 2004; Rodr´ıguez-
Ardila, Riffel & Pastoriza 2005; Storchi-Bergmann et al.
2009; Riffel et al. 2006, 2008, 2009; Riffel, Storchi-Bergmann
& Nagar 2010a; Riffel & Storchi-Bergmann 2011b; Riffel,
Storchi-Bergmann & Winge 2013; Dors et al. 2012; Riffel,
Rodr´ıguez-Ardila, & Pastoriza 2006; Riffel et al. 2013; Maz-
zalay et al. 2013a). Another conclusion of these studies is
that H2 emission due to fluorescent excitation (Black & van
Dishoeck 1987) is negligible for most AGNs.
Here, we have used the H2λ2.2477µm/λ2.1218µm line
ratio to distinguish between thermal (values between 0.1
and 0.2) and fluorescent (≈0.55) excitation (Mouri 1994;
Reunanen, Kotilainen & Prieto 2002; Rodr´ıguez-Ardila et
al. 2004; Rodr´ıguez-Ardila, Riffel & Pastoriza 2005; Storchi-
Bergmann et al. 2009) in the nuclear region of NGC 1068.
The map for this ratio is shown in the bottom-right panel
of Fig. 5, presenting values ranging from 0.1 – typical value
at most locations, to 0.45, observed only in a small region
surrounding the nucleus. This map supports thermal excita-
tion for H2 at most locations. At the nucleus, the line ratios
are close to those typical of fluorescent excitation, but un-
certainties in the H2λ2.2477µm)/λ2.1218µm line ratio are
larger there, due to the small S/N ratio of the emission-line
fluxes.
The line ratio above can be used to estimate the
H2 vibrational temperature Tvib, while the line ratio
H2λ2.0338µm/λ2.2235µm can be used to estimate the ro-
tational temperature Trot. These temperatures have similar
values for thermal excitation, while for fluorescent excita-
tion, the rotational temperature is smaller than the vibra-
tional temperature, because non-local UV photons overpop-
ulate the highest energy levels compared to the population
distribution expected for a Maxwell-Boltzmann distribution
(eg. Riffel et al. 2008). These temperatures can be obtained
using
Trot ∼= −1113/ln(0.323 FH2λ2.0338
FH2λ2.2235
) (3)
and
Tvib ∼= 5600/ln(1.355 FH2λ2.1218
FH2λ2.2477
), (4)
where FH2λ2.0338, FH2λ2.2235, FH2λ2.1218 and FH2λ2.2477 are
the fluxes of the lines (Reunanen, Kotilainen & Prieto 2002).
In Fig. 8 we present maps for the vibrational (left panel)
and rotational (right panel) temperatures obtained using the
equations above. The uncertainties in these maps are smaller
than 100 K for most locations. It can be seen that both tem-
peratures are approximately constant over the ring, with
somewhat larger values for Tvib around the nucleus. This
suggests some contribution of fluorescent excitation for the
H2 line emission there (e.g. Reunanen, Kotilainen & Prieto
2002; Riffel et al. 2008).
The combined fluxes of the many H2 emission lines that
could be measured in our spectra can be used to calculate the
thermal excitation temperature using the following equation
(e.g. Wilman, Edge & Johnstone 2005; Storchi-Bergmann et
al. 2009; Scho¨nel Ju´nior et al 2013):
log
(
Fiλi
Aigi
)
= constant− Ti
Texc
, (5)
where Fi is the flux of the i
th H2 line, λi is its wavelength,
Ai is the spontaneous emission coefficient, gi is the statis-
tical weight of the upper level of the transition, Ti is the
energy of the level expressed as a temperature and Texc is
the excitation temperature. This equation is valid only for
thermal excitation, under the assumption of an ortho:para
abundance ratio of 3:1.
In Fig. 4.4.1 we present a plot of Nupp =
Fiλi
Aigi
(plus an
arbitrary constant) vs Eupp = Ti for the locations shown
in Fig. 1, namely: (1) the nucleus (left panel); (2) the po-
sition corresponding to the peak emission of [Fe ii] (middle
c© 2011 RAS, MNRAS 000, 1–??
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Figure 8. Maps for the vibrational (left panel) and rotational (right panel) temperatures of the H2 emitting gas.
panel); and (3) the location of the peak emission of H2 (right
panel). The fits of the observed data points by the equa-
tion 5 are shown as continuous lines. The fit reproduces the
observed data for the three positions and thus confirm that
the H2 emitting gas is in thermal equilibrium. For the nu-
cleus, the excitation temperature obtained from the fit is
≈2700 K, while for the extra-nuclear regions the excitation
temperature is about 2250 K. These values for the excitation
temperature of H2 in NGC 1068 are in good agreement with
previous estimates of Texc for other Seyfert galaxies (Storchi-
Bergmann et al. 2009; Riffel, Storchi-Bergmann & Nagar
2010a; Riffel & Storchi-Bergmann 2011b; Scho¨nel Ju´nior et
al 2013).
In Storchi-Bergmann et al. (2012) we have performed
spectral synthesis of the continuum and concluded that, at
the ring, there is a strong contribution of a young but not
ionizing, stellar population – the main component being that
with age 30 Myr. Particularly conspicuous in the H2 flux dis-
tribution and in the young population contribution is the
“knot” of strong H2 emission at approximately 1
′′ E of the
nucleus. This region shows a large velocity dispersion, be-
ing observed from the channel maps in blueshift centered at
−130 km s−1 up to the one in redshift at 112 km s−1 and even
at 172 km s−1. One possibility to explain this high velocity
dispersion is the presence of supernova remnants there, what
would be compatible with the age of the stellar population.
In spite of having a larger velocity dispersion than in the
rest of the ring, the H2λ2.2477µm)/λ2.1218µm line ratio at
this location does not differ from those in the remainder of
the ring, supporting also thermal excitation there.
Using long-slit spectroscopy of a sample of 67 emission-
line galaxies together with photoionization models, Riffel
et al. (2013) have investigated the origin of the H2 line
emission and concluded also that heating by X-rays is the
dominant thermal process for active galaxies. Our more de-
tailed data suggests that this also happens in NGC 1068: the
H2λ2.2477µm/λ 2.1218µm ratio also indicates that the H2
emission is mainly due to X-ray heating.
4.4.2 The origin of the [Fe ii] emission
Most of the previous studies referred to in the previous sec-
tion, address also the excitation mechanisms of the near-IR
[Fe ii] emission lines and in general support a larger contri-
bution of excitation by shocks to the [Fe ii] than to the H2
excitation, based mainly on emission-line ratios. However,
in Dors et al. (2012), we showed that the [Fe ii] emission in
active galaxies can also be reproduced by photoionization
models which include only X-rays from the central AGN,
even though a contribution from shocks cannot be discarded.
On the other hand, Riffel et al. (2013) found that shocks
play an important role in the origin of the [Fe ii] emission
in AGNs. Thus, the [Fe ii] origin in AGNs is still an open
question to be further investigated.
One interesting property of the [Fe ii] emission in
NGC 1068 is the fact that, within the FOV of our obser-
vations, its emission is more extended than that of [O iii], as
discussed in previous sections. As the Brγ flux distribution
seems to be similar to that of [O iii] (see Fig. 3), we have used
the channel maps of Brγ (Barbosa et al. 2014) to investigate
this difference between the [O iii] and [Fe ii] emitting gas also
regarding their kinematics. What can be seen in the channel
maps is that there is a strong similarity between the two in
the blueshift channels, although only at the highest flux lev-
els, as the emission in the [Fe ii] map is more extended than
that of Brγ. But the most striking difference is observed in
the redshift channels, in which little emission is seen in Brγ
to the N-NE and S-SW, while in [Fe ii] there is strong emis-
sion within the whole quadrant between N and E. Adopting
the approximate geometry for the outflow proposed by Das
et al. (2006), the origin of this emission in redshift would be
the back wall of the conical/houglass outflow to the NE. Ac-
tually, the hourglass shape of the outflow seen in the [Fe ii]
flux distribution has an important contribution from this
redshifted part of the outflow. But why there is emission
from this part in [Fe ii] and not in Brγ? As pointed out by
Mouri, Kawara & Taniguchi (2000), the [Fe ii] emission is ex-
cited by electrons in a zone of partially ionized H. This zone
is found around AGN because it is formed when the H ioniz-
ing photons have been already absorbed but there is heating
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Figure 9. Thermal excitation temperature derived from the fluxes of a series of H2 emission lines at the three positions shown in Fig.
1. Ortho transitions are shown as filled circles and para transitions as triangles.
of the gas by X-rays and/or shocks, that can still ionize the
Fe i. This explains why we see a lot of [Fe ii] emission and
little Brγ emission from the back part of the outflow: most
of this region is a partially ionized zone.
Further investigation on the origin of the [Fe ii] emis-
sion can be done via the line ratios shown in Fig. 5. In
particular, the [Fe ii]λ1.2570µm and [P ii]λ1.1885µm emis-
sion lines have similar excitation temperatures, with their
parent ions having similar ionization potential and radia-
tive recombination coefficients. In H ii regions, where shocks
are not important, the ratio [Fe ii]/[P ii] is ≈ 2. In super-
nova remnants, fast shocks destroy the dust grains and re-
lease the Fe, increasing its abundance and thus its emission
(e.g Oliva et al. 2001; Storchi-Bergmann et al. 2009; Rif-
fel & Storchi-Bergmann 2011b; Riffel, Storchi-Bergmann &
Winge 2013), leading to line ratios larger than 20 (Oliva et
al. 2001). The same can happen in AGNs, where nuclear
jets can produce the shocks. In the top-left panel of Fig. 5,
the ratio [Fe ii]/[P ii]6 3 within a circular region with ra-
dius 1′′ centered ≈ 0.′′5 N of the nucleus, while values of
up to 10 are observed further out to the NE and to the
SW, along the bipolarl outflow observed in [O iii] (Das et
al. 2006, 2007), suggesting that shocks are present at these
locations. These shocks are probably due to the interaction
of the outflowing material and/or the radio jet with am-
bient gas. Similar behavior of the [Fe ii] emission has also
been observed for other active galaxies (Storchi-Bergmann
et al. 2009; Riffel, Storchi-Bergmann & Nagar 2010a; Rif-
fel & Storchi-Bergmann 2011b; Riffel, Storchi-Bergmann &
Winge 2013): an enhancement of [Fe ii]/[P ii] line ratio in
association with a radio jet.
The [Fe ii] (1.2570µm)/Paβ line ratio can also be used
to investigate the origin of the [Fe ii] emission. Values larger
than 2 indicate that shocks contribute to the excitation of
the [Fe ii] lines (eg. Rodr´ıguez-Ardila et al. 2004; Rodr´ıguez-
Ardila, Riffel & Pastoriza 2005; Riffel et al. 2006; Riffel &
Storchi-Bergmann 2011b; Riffel, Storchi-Bergmann & Winge
2013; Storchi-Bergmann et al. 2009). For NGC 1068, most
regions present values smaller than 2 as can be seen in Fig. 5
indicating that X-rays are the main excitation mechanism
of the [Fe ii] lines. Nevertheless, some higher values are ob-
served to NE along the bicone – at the same location where
the Fe ii]/[P ii] presents the highest values – consistent with
shock excitation at these locations.
In summary, we conclude that the [Fe ii] near-IR lines
are originated from the emission of an outflowing gas excited
mainly by X-rays from the central AGN, but also with a
contribution from shocks associated to the radio jet to NE
and SW of the nucleus.
4.5 Masses of ionized and molecular gas
We can use the fluxes of the Brγ and H2 (2.1218µm) emis-
sion lines to derive the mass of ionized and hot molecular
gas in the inner ≈400×400 pc2 of NGC 1068. The mass of
ionized gas can be obtained from (e.g. Storchi-Bergmann et
al. 2009; Riffel, Storchi-Bergmann & Nagar 2010a; Riffel,
Storchi-Bergmann & Winge 2013):
MH II = 3×1019
(
FBrγ
erg cm−2 s−1
)(
D
Mpc
)2 (
Ne
cm−3
)−1
, (6)
where D is the distance to the galaxy in cm, FBrγ is the
Brγ flux, units of density are cm−3 and we have assumed
an electron temperature of 104K and density in the range
102 < Ne < 10
4 cm−3.
Integrating the Brγ flux over the NLR, we obtain
FBrγ ≈ 1.6 × 10−15 ergs−1cm−2 resulting in MH II ≈ 2.2 ×
104M, for an electron density Ne = 500 cm−3 – the average
Ne we have found in our previous studies (Storchi-Bergmann
et al. 2009; Schnorr-Mu¨ller et al 2011, 2014a,b).
The mass of hot molecular gas, that emits the near-IR
H2 lines, can be obtained from (e.g. Scoville et al. 1982;
Storchi-Bergmann et al. 2009; Riffel et al. 2008; Riffel,
Storchi-Bergmann & Winge 2013):
MH2 = 5.0776× 1013
(
FH2λ2.1218
erg s−1 cm−2
)(
D
Mpc
)2
, (7)
where FH2λ2.1218 is the H2 (2.1218µm) emission-line flux,
D is the distance to the galaxy and MH2 is given in solar
masses.
The integrated flux of the H2 line is FH2λ2.1218 ≈ 2.5×
10−15 ergs−1cm−2 for NGC 1068, resulting in a mass of only
MH2 ≈ 29 M.
Thus, the mass in ionized gas is about 1000 times larger
than the mass in hot molecular gas in the inner 200 pc
of NGC 1068. The ratio MH II/MH2 is similar to those we
have found in similar studies of other active galaxies, which
ranges from 103 to 104 (Storchi-Bergmann et al. 2009; Riffel,
Storchi-Bergmann & Nagar 2010a; Riffel, Storchi-Bergmann
& Winge 2013).
As pointed out in our previous studies, the H2 emission
observed in the near-IR, originates from the ”hot skin” of a
much larger mass reservoir dominated by cold molecular gas.
c© 2011 RAS, MNRAS 000, 1–??
14 Riffel et al.
Previous studies of many active galaxies, in which masses of
both cold and hot molecular gas have been obtained, im-
ply factors of 105 to 107 between the mass of cold and hot
molecular gas (e.g. Dale et al. 2005; Mazzalay et al. 2013a).
Using the expression proposed by Mazzalay et al. (2013a),
that already take into account this factor, we can obtain the
mass of cold molecular gas in the inner 200 pc of NGC 1068:
Mcold ≈ 1174
(
LH2λ2.1218
L
)
, (8)
where LH2λ2.1218 is the luminosity of the H2 line and the
mass is given in solar masses.
Using the flux quoted above for the H2λ2.1218µm line,
we obtain LH2λ2.1218 ≈ 6.9× 37 erg s−1 = 1.8× 104 L and
thus Mcold ≈ 2.1 × 107 M. This value is 106 times larger
than that obtained for the mass of hot molecular gas, in
agreement with the range quoted above (between 105 to 107)
(e.g. Dale et al. 2005; Mazzalay et al. 2013a; Riffel, Storchi-
Bergmann & Winge 2013).
5 FINAL REMARKS
We have mapped the emitting gas flux distributions, red-
dening and excitation of the inner ≈ 200 pc of NGC 1068,
at a spatial resolution of ≈10 pc using near-IR adaptive op-
tics integral field spectroscopy obtained at Gemini with the
instrument NIFS. The main conclusions of this paper are:
• The emitting H2 and ionized gases have completely dif-
ferent flux distributions. The first is observed in a circum-
nuclear ring in the plane of the galaxy with radius 75 pc and
the latter trace the bipolar outflows previously observed in
the optical;
• The comparison of line-ratio maps with the values pre-
dicted by different excitation models shows that most of the
H2 line emission is excited by thermal processes, mainly due
to heating of the gas by X-rays from the central AGN to an
excitation temperature of 2200 K;
• The flux distribution in the H emission lines, such as
Brγ, follows that observed in the optical [O iii] emission, pre-
viously described as having a bipolar cone-shaped structure;
the [Fe ii] flux distribution is nevertheless more extended and
shows an hourglass structure, broader than a cone and sim-
ilar to that seen in planetary nebulae such as NGC 6302;
• The broader and more extended flux distribution in
the [Fe ii] emission lines is attributed to the fact that
the it originates in a partially ionized region, that ex-
tends beyond the fully ionized region and is excited mainly
by X-rays from the central AGN, with some contribu-
tion from shocks to NE and SW of the nucleus along
the bicone axis. Shock excitation is supported by the en-
hancement in the [Fe ii](1.2570µm)/[P ii](1.1885µm) and
[Fe ii](1.2570µm)/Paβ emission-line ratios, and is attributed
to the passage of the radio jet through the NLR;
• Reddening maps for the NLR were obtained from H
and [Fe ii] emission-line ratios, presenting values in the range
0 6 E(B − V ) 6 2, but with an average value of 0.6,
observed at most locations; the highest reddening values are
observed at ≈ 0.′′8 north of the nucleus;
• The mass of of ionized gas in the inner ≈ 200× 200 pc2
of NGC 1068 is MH II ≈ 2.2× 104M, while the mass of the
H2 emitting gas (hot molecular gas) is only MH2 ≈ 29 M.
Considering the average factor between the masses of cold
and hot molecular gas observed for AGN in general, the
total (dominated by the cold) H2 mass is estimated to be
M ≈ 2× 107 M.
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